ABSTRACT. An increased concern on environmental issues has arisen in recent decades. Human activities have a great impact on the environment, efficient methodologies being needed for quick assessment of possible contamination sources and their effects. This paper describes a fast method for analysis of sediments by Total Reflection X-Ray Fluorescence (TXRF) using a simple and rapid sample preparation approach, i.e., Ultrasonic Probe Slurry Sampling 
INTRODUCTION
The northwest margin of the Iberian Peninsula is a coastal ria system integrated by up of eighteen Galician rias, which has been defined by Evans and Prego [1] as incised valleys where the estuarine zone can move according to environmental changes. The Galician rias are among the most important areas in the world for fishing and shell-fishing [2] , due to the high primary production [3, 4] that occurs greatly influenced by the coastal upwelling. Upwelling events of Eastern North Atlantic Central Water usually develop from April to October [5] and transport of nutrients into the rias occur [6] . Moreover, the shore of rias is an important support for human and industrial settlements, so rias are exposed to a high environmental impact due to urban and industrial discharges, as well as other activities such as sailing and shipping [7, 8] . This anthropogenic influence can modify the natural biogeochemical processes of trace elements as a result of contamination [9] , which enters the biological cycles and is reflected in the ria sediments. In this way, sediments are usually used to identify contamination sources and to evaluate the environmental quality of aquatic systems [10] .
However major, minor and trace elements accumulation in coastal sediments can also occur as a result of natural processes such as alochthonous inputs, supplied through fluvial loads principally, or autochthonous inputs by plankton fall [11] .
For these reasons, the quantification of trace elements in the sedimentary reservoir and the identification of their continental, marine or anthropogenic sources is of paramount importance. Metals in sediment samples are typically determined by Atomic Absorption Spectrometry (AAS) with Flame or Electrothermal Atomization [12] , and more recently, by Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES) [13] or Inductively Coupled Plasma Mass Spectrometry (ICP-MS) [14] . The above techniques were mainly applied to the sediments of Galician rias in a non-systematic way, that is, different sedimentary fractions and digestion methodologies with a total or partial digestion were involved. So, there is an urgent need to standardize procedures and assess analytical accuracy with certificate reference materials so that results can be compared among the scientific community and produce reliable results [9] .
Techniques based on X-ray fluorescence (XRF), and especially, Total Reflection X-Ray Fluorescence (TXRF), offer an alternative to be taken into account for a systematic and quick sediment analysis. TXRF has the ability to detect almost all the elements from the periodic system, from Boron to Uranium [15] ; due to its total reflection effect, detection limits are improved by reducing the matrix effect [16] . Recent configurations allow the use of compact and relatively portable equipment. It is also important to note that AAS allows mono-elemental analysis while TXRF can provide a simultaneous multi-elemental analysis.
Moreover, calibration procedures are simpler with TXRF than with other multielemental techniques such as ICP-MS [17] .
Acid digestion of solid materials is the usual procedure for sample pretreatment prior to trace element analysis. Ultrasonic slurry sampling (i.e., slurry sampling using ultrasonic devices for homogenization) has been successfully employed in a variety of applications along with AAS [18, 19, 20, 21] and would allow a fast sample pretreatment for TXRF analysis without the use of concentrated acids at high temperature and pressure.
So far, the TXRF technique has been scarcely applied to sediment samples [13, 22, 23, 24, 25] (Table 1 ), yet no work has appeared in the literature concerning slurry sampling for sediment analysis by this technique. Marguí et al. [26] used the direct analysis of slurries by TXRF for the determination of Se in soils. Slurry sampling is simpler, safer and faster than acid digestion. There is also a large difference in the sample size needed, 10 mg in this study in contrast with the 100-400 [24, 23] usually used in acid digestion, and hence, for those applications where the sample is limited, slurry sampling could be an attractive alternative. This paper reports on a case study concerning the assessment of lithogenic, marine and anthropogenic trace elements in Ria of Arousa (Galicia, Spain) using a multielemental and portable TXRF equipment combined with ultrasonic-probe slurry sampling for sample pretreatment.
MATERIAL AND METHODS

Reagents and standards.
All chemicals were of analytical-reagent grade. Ultrapure water was obtained from A PETLAB system (Peter Taboada, Vigo, Spain). 69% nitric acid (m/m) AnalaR Normapur (Prolabo, Fontenay-sous-Bois, France), Triton X-100 (Merck, Darmstadt, Germany) and germanium standard solution for AAS 996 ± 4 mg L -1 Ge (Sigma-Aldrich Chemie GmbH), were used. 
Study area.
The Ria of Arousa, located in the northwestern of the Iberian Peninsula ( Fig. 1) , is a V-shaped flooded valley with a sinuous littoral and secondary bays. increases in direction to ocean [28] .
Apart from the terrestrial origin of material to the sediment reservoir, there is another autochthonous source as result of falling of organic matter [4] . The Ria of Arousa is under the influence of strong seasonal upwelling events in the Galician coast [5] . The resulting high primary productivity in this ria, sheltered from strong surges, makes it especially suitable for mussel culture in rafts, the Ria of Arousa being the most productive one with ≈170,000 t y -1 of cultured mussel [2] . The mussels are filter feeders with a large capacity for excretion of dregs, which are accumulated under the raft polygons leading to an organic matter rich sludge.
Evans et al. [29] indicated that metal concentrations in mussel fecal deposits tend to be higher than in the suspended particulate matter. However, Prego et al. [30] observed that the presence of metals in sediments of farming-free areas does not differ significantly from that found under the rafts in the Ria of Arousa.
Moreover, an anthropogenic input of metals to sediments occurs in this ria.
River Ulla contributes with some metals that are trapped in the estuarine sediments [7] . Furthermore, the coast supports a dispersed population (326 inhab km -2 during summer it duplicates), which is engaged in activities related to tourism, agriculture, aquiculture, fishing and shell-fishing, like clams and cockle in the sallow and intertidal zone, mainly in the inner part of the ria and its bays. The main industry is canning, fresh and cold fish storage and sale in several fisheries ports as the Riberia and the maritime traffic of goods in the harbor of Vilagarcía-deArousa. Sewages are usually treated in plants along the shoreline.
Sediment sampling
Sediments of the Ria of Arousa were sampled from the R/V Mytilus and from its auxiliary boat "Zoea" in the shallow water zones. Surface sediments (first centimeter layer) were collected using two Shipeck grabs of 30 L and a 3.5 L capacity. Core sediments were taken in a PVC tube using a Gravity-Corer. Next, cores were sectioned longitudinally into two halves, and sub-samples of 1 cm thickness were separated. In the onshore laboratory of IIM-CSIC, sediment samples were dried slowly in an oven at 45±5° C and sieved through 2 and 0.063 
Analytical method
Concentrations of ten elements (As, Cu, Fe, Mn, Pb, Rb, Sr, Ti, V and Zn)
were determined in sediment samples of the Ria of Arousa by Total Reflection XRay Fluorescence (TXRF). A sample preparation procedure based on Ultrasonic
Probe Slurry Sampling (UPSS) was developed as an alternative to the classical sample digestion method.
The analytical procedure was adapted from that proposed elsewhere for sample pretreatment prior to TXRF analysis [31, 32] . It has been necessary to replace the usual internal standard, i.e. Ga, because it was found at a significant concentration in some sediment samples. There were several possibilities in the literature to replace Ga, such as the use of Co [22] , Ge [26, 33, 34] Se [24] and Y [35] . However, Y was detected like Ga at a significant concentration. The Co spectral signal was overlapped by the Kβ peak of Fe (very intense in all the studied samples) and is not easy to quantify. Ge has been shown to provide good results for soil analysis [26] , and therefore, it was finally selected.
Procedure
A 10 mg portion of sediment sample was accurately weighed on an analytical balance and placed in a 1. Three replicates of each sample were performed.
The mixture was subjected to stirring by ultrasound for 30 s with an ultrasonic probe inserted directly into the sample vial. An aliquot of 10 µL of the suspension was withdrawn immediately after stopping sonication. The aliquot was placed in the center of a Bruker quartz reflector (30 mm diameter and 3 mm thickness), and dried gently on a hot plate until complete evaporation of the slurry diluent. The surface of the reflector was previously siliconized to make it hydrophobic using a silicon solution in isopropanol. Drops were maintained at a distance less than 5 mm from the center of the quartz reflector since this is the suitable area for detection.
Reflectors with the dried sample were introduced manually into the TXRF instrument. A lifetime (i.e., effective time of measurement) of 500 s was applied. Spectra ® 6.2. Bruker AXS Mycroanalysis and PyMca 4.5.0. softwares were both employed in the treatment of TXRF spectra. Quantification was performed using a deconvolution based on a Bayesian inference (SuperBayes). IBM SPSS Statistics 19 was used for statistical analysis of data and Surfer 9 software was used to create isolines maps.
Background metal levels and contamination degree of the ria sediments
The determination of metal background concentrations (MBC) in order to evaluate the degree of contamination by metals in the Ria of Arousa was based on core clean-contaminated samples [36] instead of average crust earth content since the two cores sampled in Arousa take into account the local lithological characteristics.
Sediment normalization with respect to texture, using the fine fraction (< 63 µm) for all samples, and a conservative corrector element such as Fe were considered jointly, following the recommendations by Luoma et al. [37] . Metals are mainly accumulated in the fine fraction [38] , which is, in addition, the fraction with suitable particle size for slurry sampling. On the other hand, Fe is an appropriate lithogenic normalizer since it is associated with fine particles [39] , contamination does not vary its content [40] , it is a major constituent that can be easily determined by TXRF and it has already been successfully used in contamination studies of rias [36] .
In the Arousa cores, a linear relationship was calculated according to the eq. (1) Finally, the NEF criterion, which is indicative of sediment contamination, is based on the work by Hakanson [41] modified by Prego et al. [7] as follows:
Negligible < 1 < Possible < 2 < Moderate < 3 < Severe < 6 < Very severe < 9 < Heavy
RESULTS AND DISCUSSION
Slurry optimization
Several experimental parameters were studied in order to optimize the slurry procedure, namely, Triton X-100 concentration, sample mass employed (sample mass-to-volume ratio), sonication amplitude, sonication time and sedimentation time. Results are presented in Fig. 2 for four elements, i. e., Mn, Cu, Rb and Pb.
Slurry diluent and stabilizing agents
Diluted HNO 3 is the most used diluent because it increases the analyte extraction from the solid particles due to its oxidizing capability, helps the suspension stability and improves precision [42] . for analysis of river and marine sediments. A 3% v/v HNO 3 was selected in this study as slurry diluent following the recommendations given by Almeida-Pereira et al. [44] for analysis of marine sediments by ETAAS.
Stabilizing agents are not usually applied for slurry analysis of geological materials but they have proved useful [45] to avoid particle aggregation, to improve the slurry stability and to prevent problems in pippeting. Among the different stabilizing agents, e.g., ethanol, KO3006, glycerol and Triton X-100 [46] , the latter has been extensively used as anionic surfactant for inorganic matrices [45] .
Recovery results after testing different Triton X-100 concentrations (0.001, 0.01, 0.1 and 1 % v/v) did not show any remarkable variation (shown in Fig. 2.A) .
However, as can be seen in Fig. 2 
Particle size and sample mass
The fine fraction of sediments (< 63 µm mesh-size) was used to normalize with respect to texture. To avoid the necessity of sample grinding, maximum particle size was set as a goal in this study. Reference materials used in this work displayed a similar particle size (SRM 2702 < 70 µm; PACS2 < 125 µm; SRM 2710 and SRM 2711 < 74 µm).
Sample masses of 1, 5, 10 and 15 mg were tested. For a sample mass of 1 mg, aggregation was visually observed, giving rise to a non-homogeneous distribution of particles. As shown in Fig. 2C , a sample mass in the range of 5 to 10 mg could be used since quantitative recoveries (i.e., 90-110 %) were observed for Mn, Fe, Rb and Pb. Finally, a sample mass of 10 mg was selected.
Homogenization system
Slurries were subjected to 10, 20, 30, 40, 50 and 70 % sonication amplitude for 30 s. Samples submitted to 10 % did not produce an homogeneous slurry and the dried samples were rejected to prevent damages in the detector because visually a thin layer was not formed. Slurries subjected to 50 and 70 % sonication amplitude showed some foaming and splashing, especially at 70 %. More precise results were observed for samples sonicated at 30% amplitude (Fig. 2D ), this amplitude being selected for further experiments.
Moreover, the sonication time was studied in the range 15-60 s (Fig. 2E ).
Recoveries near 100 % were observed in all cases, but the most precise results were found at a sonication time of 30 s, this time being selected for further experiments.
Finally, particle sedimentation was studied. For that purpose, sample aliquots were taken, approximately at a middle depth in the vial, just after stopping sonication and at 10, 30 and 60 s later (Fig. 2F) . The most accurate and precise results were found when slurry aliquots are withdrawn just after stopping sonication. The high recovery found for some elements could be due to sedimentation process that increases the concentration of sample particles in the lower part of the vial where the aliquot was withdrawn. Therefore, it is more appropriate to withdraw the slurry aliquot immediately after stopping sonication. As an example, the distribution of elemental peaks in the spectra are shown in Fig. 3 . 
Method evaluation
Analytical characteristics
Relative Standard Deviation and limits of detection (LD) and quantification (LQ).
Intervals arise from the analysis of four different reference materials since these characteristics depend strongly on the background signal so they are specific of each matrix. Results are expressed as the average value of three replicates. As can be noted, there were not significant differences between the experimental and certified concentration values (i.e., t exp was lesser than t crit for a 95% confidence level, n=3, in a two-tailed Student's t distribution).
As a general rule, it is considered that an element can be detected if the peak area is statistically more than three times the background. It can be considered that one element can be quantified accurately, when the intensity of the peak exceeds 10 times the background level. Calculations were performed using the following expressions:
Where i is the analyte, C i is the concentration of the element i, N BG is the background level under de peak of the element i and N i is the peak fluorescent area of the element i.
Quality control was performed by random introduction between samples of a single measurement of SRM 2702. Results were plotted as Shewhart graphs. In general, results felt within the lines set by the upper and lower warning levels (95 % confidence interval for a two tailed student's t distribution, n = 3), using the media and the standard deviation obtained in the previous analysis of the SRM 2702 as a reference (21 measurements). It can be concluded that the results remained reliable over time.
Study in fieldwork.
Distribution and source of elements in the Ria of Arousa.
Contents of ten elements analyzed were in the ranges of 10-32 mg kg -1 As, Fig. 4 . These results are in good agreement with those found in the literature, e.g., Fe, Cu, Zn and Pb analyzed in intertidal areas [47] and in the sedimentary biodeposits under mussel rafts zones [30, 48] ; Pb was also mapped and its contamination state determined [49] .
Principal component analysis (PCA) was applied for searching the trace metal increased towards the estuarine zones in the Ria of Arousa, its highest content being in the Ulla [50, 51] and Umia [47] estuaries, thereby reflecting the continental origin [9] . V and Rb, have been scarcely studied in other rias, (e.g., Ria of Vigo).
Thus V [7] showed similar contents in both rias and no contamination was suspected. A lithogenic-continental origin can be attributed to these elements.
(B) Biogenic-marine elements. A second group containing only Sr shows concentrations increasing seaward and in the shores of the oceanic ria part. Its ria distribution is similar to biogenic carbonates, like in other rias [52] . As a consequence of its similarity between Ca and Sr, the latter can replace Ca in carbonates and accumulate in shells. In the PCA analysis, Sr is highly negative loading the component 1. Sr can be related to a biogenic autochthonous origin. However, component 2 is highly loaded by Pb. Barciela-Alonso et al. [49] observed a moderate to considerable contamination by Pb near the Vilagarcía
Harbor and areas with an intense ship traffic, so component 2 could be related to an anthropogenic origin.
(D) Lithogenic-anthropogenic elements. This group includes Cu, Zn and As.
Similarly to the group (A), they showed higher contents in sediments toward the river mouth areas, but their metal contents decrease seaward. In the PCA analysis, the three elements jointly with Pb are highly loading component 2.
Nevertheless, the difference with Pb is their remarkable contribution to component 1. In the loading plot (Fig. 5) , they are between Ti (lithogenic) and Pb (anthropogenic) suggesting that both sources are influencing their distribution.
Higher Cu concentrations close to the Umia and the Ulla estuaries (Fig. 4) should be of fluvial origin. Prego et al. [30] indicated that the Ulla River is an important source of metals such as Cu, due to the occurrence of an ancient chalcopyrite mine in its catchment. Zn and As show a similar distribution.
Assessment of the contamination degree in the ria.
Is the ria contaminated? To answer this question it is necessary to determine the natural concentration levels. The background content (mg kg Local areas with severe contamination of surface sediments occur for those
elements, yet a different spatial distribution is observed for each one.
CONCLUSIONS
The UPSS-TXRF technique allows a successful determination of ten metals in coastal sediments, i.e., Ti, V, Mn, Fe, Cu, Zn, As, Rb, Sr and Pb. These metals were determined simultaneously without digesting the sample and with a minimum expenditure of reagents. Analysis time for each sample (three replicates per sample) was 30 min, including weighing, slurry preparation, measurement and interpretation of the obtained spectra.
It is possible to distinguish three different main sources of elements in the 
